INTRODUCTION
============

Injury to the nervous system can cause the permanent loss of a number of neural functions, leading to cognitive defects, memory loss, paraplegia, and peripheral paralysis. The main factor affecting the degree of clinical severity is the distinct morphology of a neuron. A neuron develops a single axon that transmits electrical signals from the cell body to the target tissue over long distances. A human axon can be up to a meter in length in the case of peripheral axons in the legs. Traumatic damage to axon fibers can disrupt the neuronal wire and prevent the transmission of signals from the corresponding cell body ([@b50-molce-40-1-10]). Likewise, toxin exposure, genetic mutation, and metabolic impairment can also be detrimental to axonal connectivity by hindering cargo transport along axons or dismantling cytoskeletal structures, finally leading to axon loss ([@b15-molce-40-1-10]; [@b53-molce-40-1-10]; [@b56-molce-40-1-10]).

The recovery of damaged axonal connections can be achieved through the regrowth of transected axons back to the original target cells, a process known as axon regeneration. However, functional recovery following axon regeneration only occurs in limited situations ([@b1-molce-40-1-10]; [@b11-molce-40-1-10]; [@b57-molce-40-1-10]). While developmental axon outgrowth is able to reach remote target tissue, the growth capacity of axons reduces as an organism ages and its synapses mature ([@b8-molce-40-1-10]; [@b22-molce-40-1-10]). Therefore, tissue (e.g., muscle and skin) often degenerate before peripheral axons regenerate and rebuild synapses to the target ([@b25-molce-40-1-10]; [@b28-molce-40-1-10]). More importantly, axons in the central nervous system (CNS) rarely regenerate beyond the site of the lesion after exposure to injury. Damage to the CNS, such as spinal cord injuries, traumatic brain injuries, stroke, and various neurological disorders, typically results in regeneration failure, meaning that the prognosis is often poor for these patients ([@b16-molce-40-1-10]; [@b57-molce-40-1-10]). In this article, we review recent efforts to understand the mechanisms that affect the regeneration efficiency of neurons, with a special focus on the epigenetic regulation of axon regeneration.

EXTRINSIC AND INTRINSIC FACTORS COORDINATING AXONAL REGENERATION CAPACITY
=========================================================================

The low regeneration capacity of CNS axons is highlighted by the example of dorsal root ganglion (DRG) neurons ([Fig. 1](#f1-molce-40-1-10){ref-type="fig"}). The pseudo-unipolar DRG neuron develops a peripheral branch axon to receive sensory information and a central axon to deliver the signal to the CNS, and these two axon branches exhibit contrasting degrees of regeneration after transection. Following sciatic nerve axotomy (SNA) to damage the peripheral branches in mice, regenerated axons can synapse onto muscles in the lower hind limbs within two weeks ([@b34-molce-40-1-10]; [@b47-molce-40-1-10]). In contrast, central branches fail to regrow in the spinal cord after dorsal column axotomy (DCA; [Fig. 1](#f1-molce-40-1-10){ref-type="fig"}). Because the central and peripheral axons arise from a single DRG neuron, the difference in their respective regeneration ability was initially attributed to differences in the substrate composition of the CNS and PNS. Indeed, inhibitory molecules such as Nogo-A, oligodendrocyte-myelin glycoprotein (OMgp), and myelin-associated glycoprotein (MAG) are expressed by myelin in the extra-axonal environment of the injured CNS tissue ([@b10-molce-40-1-10]; [@b37-molce-40-1-10]; [@b54-molce-40-1-10]). In addition, glial cells reactivated by a lesion form glial scars, where chondroitin-sulfate proteoglycans (CSPGs) act as a major barrier to the growing axons ([@b35-molce-40-1-10]). In these inhibitory surroundings, axon tips fail to build dynamic growth cones and dysmorphic axon terminals are formed instead, with the axons subsequently retracting ([@b7-molce-40-1-10]; [@b17-molce-40-1-10]).

While these aforementioned extrinsic factors may influence regeneration ability, another important regulation mechanism involves neuron-intrinsic pathways ([@b1-molce-40-1-10]; [@b32-molce-40-1-10]). Interestingly, injured central axons in DRG neurons can regenerate in a hostile environment if the peripheral axons of the same neurons are also injured prior to the central lesion ([@b38-molce-40-1-10]). This study supported the pioneering idea that damage to peripheral axons causes neurons to enter a pro-regenerative state, thereby improving axonal regrowth. Thus, a previous peripheral nerve lesion (known as a conditioning injury) can also improve regeneration ability in the PNS, as proven by the rapid regrowth of sciatic nerve fibers after two consecutive crush lesions (*in vivo*) and the enhanced neurite outgrowth in DRG neurons cultured from mice pre-injured by SNA (*in vitro*; [@b39-molce-40-1-10]; [@b40-molce-40-1-10]; [@b47-molce-40-1-10]). This conditioning injury effect indicates that there are neuron-intrinsic pathways that are induced by peripheral nerve lesions and that activate axon regeneration.

To date, many signaling pathways that convey axon injury signals have been identified, including the cAMP/PKA pathway, the PTEN/mTOR pathway, the gp130/Jak pathway, and the DLK/JNK pathway ([@b2-molce-40-1-10]; [@b27-molce-40-1-10]; [@b39-molce-40-1-10]; [@b41-molce-40-1-10]; [@b43-molce-40-1-10]; [@b47-molce-40-1-10]; [@b49-molce-40-1-10]). Each of these pathways target a downstream transcription/translation regulator: CREB, ribosomal protein s6, STAT3, and c-Jun, respectively. Interrupting these transcriptional/translational pathways via genetic deletion or pharmacological intervention leads to the inhibition of peripheral axon regeneration and/or the conditioning injury effect ([@b3-molce-40-1-10]; [@b19-molce-40-1-10]; [@b44-molce-40-1-10]). These studies are consistent with an earlier report by [@b48-molce-40-1-10], which showed that the application of a general transcription inhibitor, 5,6-dichlorobenzimidazole riboside (DRB), hinders the transition of neurite outgrowth from the slow "arborizing" stage to the fast "elongating" stage in adult DRG cultures from rats ([@b48-molce-40-1-10]). Hence, the activation of axonal outgrowth is transcription-dependent.

Regeneration-associated genes (RAG) are those genes whose expression are affected by injury signaling. Traditionally, RAGs were identified using in situ hybridization or RT-PCR experiments on a specific gene of interest in a nerve injury model. For example, GAP-43 was found to be upregulated following the appearance of a peripheral lesion ([@b52-molce-40-1-10]) and transgenic co-overexpression of GAP-43 together with CAP-23, another RAG, resulted in the improved regeneration of spinal cord axons in peripheral nerve grafts ([@b6-molce-40-1-10]). With the recent development of various genetic techniques including viral vectors and CRISPR/Cas9, the definition of RAGs has narrowed to include genes that are not only affected by injury but also functionally required in the regeneration process ([@b33-molce-40-1-10]).

One of the biggest obstacles when studying RAGs in the hope that therapeutics targeting functionally important RAGs will improve recovery after injury is that a large number of genes are affected by a nerve injury. Genome-wide studies using microarrays and deep-sequencing analyses have identified numerous genes that are upregulated or downregulated following a neural injury, with many of them overlapping between independent datasets ([@b4-molce-40-1-10]; [@b24-molce-40-1-10]; [@b30-molce-40-1-10]; [@b36-molce-40-1-10]). The simultaneous manipulation of various important RAGs could be achieved by targeting common upstream regulatory factors instead of individual genes. To this end, rapidly increasing the understanding of the epigenetic mechanisms regulating regeneration will provide a novel platform for enhancing functional outcomes.

HISTONE ACETYLTRANSFERASES IN AXON REGENERATION
===============================================

Epigenetic mechanisms regulating axon regeneration involve the acetylation and methylation of histone proteins and the methylation of DNA and microRNAs that affect the expression of RAGs. Epigenetic studies on axon regeneration only became common over the past decade following the discovery that acetyltransferases are involved in the process. [@b23-molce-40-1-10] found that the acetylation of the tumor suppressor protein p53 plays an important role in the promotion of neurite outgrowth in cultured rat cortical neurons. p53 regulates the expression of the previously identified RAGs Coronin-1b and Rab1, and this mechanism is dependent on p53 acetylation at the K320 position, which is known to be mediated by the histone acetyltransferase (HAT) PCAF ([@b5-molce-40-1-10]). These findings lead to the testable hypothesis that HATs play a central role in switching on global axonal regeneration by catalyzing the acetylation of histones and p53.

It turns out that the acetyltransferases p300/CBP and PCAF are involved in neurite outgrowth in both a p53-dependent and p53-independent manner ([@b20-molce-40-1-10], [@b21-molce-40-1-10]; [@b51-molce-40-1-10]). p300/CBP and PCAF alter the acetylation state of p53 at positions K373 and K320, respectively. More importantly, these acetyltransferases induce the modification of histone in chromatin structures following neural injury, illustrating the involvement of epigenetic factors in axon regeneration ([@b29-molce-40-1-10]). In adult retinal ganglial neurons in the CNS, the levels of p300 and acetylated histone H3 at K18 are downregulated compared to those on postnatal day 7, suggesting that these changes may be a factor in reduced axon outgrowth in adults ([@b21-molce-40-1-10]). As the HAT responsible for H3-K18, an euchromatin marker, overexpressing the p300 enzyme using an adenoviral vector increases the levels of acetyl H3-K18 in the retinal ganglial cells and improves the regeneration of damaged axons in the optic nerve. p300 has a dual function during axonal outgrowth, directly binding to RAG promoters including GAP-43, Coronin-1b, and Sprr1a as well as recruiting acetyl H3-K18 to those promoters. In addition, PCAF mediates the acetylation of H3 at K9, which leads to its binding to the promoters of important RAGs including BDNF, Galanin, and GAP-43 ([@b42-molce-40-1-10]). Along the same lines, a loss-of-function mutation of PCAF in mice inhibits the effect of a conditioning injury (i.e., SNA) in promoting regeneration following DCA in the spinal cord. At the same time, overexpressing PCAF in spinal cord axons improves central axon regeneration, highlighting the functional importance of HAT in the regulation of axonal regrowth. Overall, open chromatin structures resulting from histone acetylation are associated with increased RAG expression and the promotion of axon regeneration.

HISTONE DEACETYLASES IN AXON REGENERATION
=========================================

The level of histone acetylation is primarily regulated by the balance between HATs and histone deacetylases (HDACs). HDACs thus represent another important component of the epigenetic pathway that regulates regeneration by counteracting HAT activity ([@b13-molce-40-1-10]; [@b20-molce-40-1-10]; [@b46-molce-40-1-10]). They can be categorized into several structural classes; HDACs from these classes (I, IIa and IIb, III and IV) are involved in the regenerative transcriptional response, suggesting that there might be independent mechanisms regulating HDAC activity following neural injury ([@b12-molce-40-1-10]). Both inhibiting the expression of HDAC6 and pharmacologically blocking HDAC6 activity using selective inhibitors can improve neurite regrowth in rat cortical neurons on MAG-coated dishes or with the application of CSPG ([@b46-molce-40-1-10]). Notably, the positive effects of HDAC6 inhibition are limited to improvement in axon growth suppressed by the inhibitory circumstances; inhibiting HDAC6 in permissive conditions cannot enhance growth, which supports the belief that HDAC6 represses regenerative growth rather than governing general axon extension *in vitro*. HDAC6 is also upregulated under the oxidative stress generated by homocysteic acid (HCA), and inhibiting HDAC6 reduces cell death via injury. Therefore, HDAC6 seems to respond to broader forms of neural injury beyond axon transection.

HDACs generally work by maintaining a closed chromatin structure. Hence, the modulation of HDAC function by injury signaling is thought to inhibit HDAC activity, resulting in an increase in acetylated histone levels. Trichostatin A (TSA), a general class I/II HDAC inhibitor, and MS-275, a selective inhibitor for HDAC1 (a class I HDAC), similarly induce the binding of acetyl H4 to RAG promoter regions ([@b18-molce-40-1-10]). This binding rate increases following injury to the sciatic nerve (a 40% concordance between SNA and MS-275 treatment), suggesting that a peripheral lesion might elevate gene expression via inhibition of HDAC1. These inhibitors consequently improve neurite outgrowth in cultured murine DRG neurons. SNA also promotes the export of HDAC5, a class IIa HDAC, together with HDAC3, leading to the upregulation of acetyl histone H3 in the nuclei of injured DRG neurons ([@b13-molce-40-1-10]). HDAC5 can efficiently transport in and out of the nucleus while its enzymatic activity is relatively low compared to other HDAC classes ([@b12-molce-40-1-10]). It is thought that the nuclear export of HDAC5 induced by SNA drives the concomitant export of HDAC3, a class I HDAC which is responsible for the deacetylation of histones in the basal state. HDAC5 nuclear export is thus required for the regeneration of transected axons in the sciatic nerve ([@b13-molce-40-1-10]). [@b13-molce-40-1-10] study also identifies genes whose expression are both injury- and HDAC5-dependent. Using cultured DRG neurons overexpressing a HDAC5 mutant that is forced to remain in the nucleus, microarray data demonstrate that transcriptome-level changes are indeed regulated via HDAC function following injury.

How then does HAT activity coordinate with HDAC localization/function following injury? A study on HDAC1 provides evidence that the presence of HDAC in RAG promoter regions is negatively correlated with the enrichment of p300 ([@b18-molce-40-1-10]). [@b21-molce-40-1-10] also demonstrated that the pharmacological inhibition of class I/II HDACs by TSA increases the CBP- and PCAF-dependent acetylation of H3-K9-14 and the binding of acetylated H3 to the promoters of CBP/p300 and PCAF themselves, leading to the up-regulation of HAT expression levels ([@b20-molce-40-1-10]). As a result, the repression of HDAC activity by injury signaling appears not only to recruit the HAT complex to the upstream regulatory region of the RAGs (e. g. GAP-43 and Coronin-1b) but also to enlarge the pool of available HAT complexes, equipping the injured neuron with a readily accessible chromatin state.

SIGNALING MECHANISMS REGULATING HISTONE ACETYLATION IN INJURED NEURONS
======================================================================

The signaling pathways modulating HATs and HDACs are largely unknown for nerve injury. HATs and HDACs are mainly localized in the nucleus while axonal injury typically occurs far from the cell body ([@b45-molce-40-1-10]). Therefore, how an axon lesion transmits stress signals to the molecules in the nucleus is puzzling. Following SNA, both the upregulation of PCAF and its binding to RAG promoters require ERK MAPK activity. Phosphorylated ERK levels are also elevated by SNA in DRG cell bodies, leading to the conclusion that injury-induced ERK signaling regulates PCAF activity ([@b42-molce-40-1-10]). Meanwhile, cytoplasmic relocalization of HDAC5 following SNA utilizes the rapid back-propagation of the calcium ion influx from the site of the injury to the cell body, a process which is dependent on the voltage-gated calcium channels and internal calcium stores ([@b13-molce-40-1-10]). The calcium signaling-dependent phosphorylation of PKCμ is sufficient for its entry into the nucleus, and the subsequent phosphorylation of nuclear HDAC5 by active PKCμ leads to the translocation of phosphorylated HDAC5 to the cytoplasmic region. Because PKCμ is known to target other class IIa HDACs, such as HDAC4/7/9 ([@b55-molce-40-1-10]), it is possible that the calcium wave generated after a peripheral injury activates the expression of pro-regenerative genes via the export of these additional class IIa HDACs. Further studies delineating the pathways that regulate histone acetylation-dependent responses in the regenerative transcriptome would improve the likelihood of developing therapeutics that could enhance the recovery process after a neural injury.

METHYLATION OF DNA AND HISTONES
===============================

The methylation of histone proteins or DNA itself is an important and frequently occurring component of epigenetic regulation in many biological processes ([@b26-molce-40-1-10]). However, little is known about its contribution to regenerative gene expression after axonal injury. The relationship between chromatin methylation and axon regeneration as it is currently understood is rather descriptive and correlative. The genes upregulated after SNA (e.g., GAP-43, BDNF and Galanin) show a lower affinity for H3-K9me2 in their promoter sequences. Thus, H3-K9me2 and H3-K27me3 are classified as histone modifiers that repress gene expression after injury ([@b42-molce-40-1-10]). Nonetheless, the correlation between gene expression level and histone methylation level is weak because many of the genes examined in the study exhibit little concordance between methylation levels and changes in expression after injury to either PNS or CNS axons.

DNA methylation following neuronal injury has been analyzed in a bioinformatics study that allows for the further analysis of their dataset in a user-based platform ([@b31-molce-40-1-10]). This study presents a microarray dataset for gene promoters and CpG islands that were immunoprecipitated by 5-methylcytosine antibodies. However, a comparative analysis of differentially methylated genes in SNA versus DCA injury models has found only a slight correlation between gene expression and methylation. Therefore, the functional involvement of DNA methylation in regeneration is still an open question that needs further investigation.

EPIGENETIC FACTORS DIFFERENTIATING CNS AND PNS RESPONSES TO AXON INJURY
=======================================================================

At the transcription level, the failure to switch on an effective regeneration program after CNS axon injury is indicated by the lack of change in the expression of RAGs. For example, Sprr1a, GAP-43 and Galanin are strongly upregulated by SNA but not by DCA ([@b42-molce-40-1-10]). [@b9-molce-40-1-10] performed an extensive bioinformatics analysis on previously published microarray data to establish RAG co-expression modules following PNS injury, which was validated using eight independent PNS datasets. The co-expression modules exhibited weaker correlations in CNS datasets, demonstrating that the PNS expression network is not observed in the CNS transcriptome. Therefore, the difference in the regulation of transcription between PNS and CNS is not limited to a subset of RAGs. Instead, there are substantial PNS-to-CNS differences in injury-induced changes to gene expression.

Epigenetic responses to axon injury differ between PNS and CNS, suggesting that they may work as a major factor affecting axonal regeneration in these two systems. A peripheral lesion on the facial motor nerve induces CBP and acetylated p53 at K373, whereas these factors are inhibited by an optic nerve crush injury in the CNS ([@b21-molce-40-1-10]). Similarly, the phosphorylation of PKCμ and acetylated H3, which are the kinase and the downstream target of HDAC5, respectively, are induced in injured neurons after SNA but not by the crushing of the optic nerve ([@b13-molce-40-1-10]). The DRG injury paradigm allows more direct comparisons between the effects of SNA and DCA, both of which damage the same set of neurons. Indeed, the upregulation of PCAF, acetyl H4 and acetyl H3-K9 are induced in DRG neurons by SNA but not by DCA ([Fig. 1](#f1-molce-40-1-10){ref-type="fig"}). Their affinity for the RAG promoter regions is also specifically elevated by SNA ([@b18-molce-40-1-10]; [@b42-molce-40-1-10]). Likewise, the activation of some transcription factors also display a SNA-specific pattern; the nuclear levels of phospho-Smad1 and Hif1α increase only following SNA but not a central lesion ([@b14-molce-40-1-10]; [@b18-molce-40-1-10]). This growing body of evidence supports the hypothesis that the regulatory mechanisms activating epigenetic regenerative responses are not functional in the CNS, thus preventing the gene expression changes essential for robust axonal regrowth. The differences in the activation of the regulatory signals in the CNS and PNS has yet to be determined for each of the pathways involved (e.g., calcium and MAPK signaling pathways).

The next question is whether the activation of epigenetic regulation is sufficient for the successful regeneration of injured CNS axons. In rodents, the overexpression of p300 and the pharmacological inhibition of different HDACs can enhance peripheral regeneration after SNA and improve central regeneration after DCA ([@b13-molce-40-1-10]; [@b18-molce-40-1-10]; [@b21-molce-40-1-10]). As a result, identifying selective pharmacological interventions that manipulate epigenetic modifiers in the axon regeneration pathway may accelerate the development of effective and safe therapeutics for neural recovery after injury.

CONCLUSION
==========

Injury to axons can cause devastating neural impairment which is often permanent when the CNS is damaged. Currently, no therapy for the recovery of damaged neuronal connections exists because effective targets that can modulate or work in parallel with the neuron-intrinsic regeneration program remain to be identified. Epigenetic regulators integrate injury signals into global gene expression patterning, thereby providing a group of potential drug candidates that can interact with transcriptome to promote efficient axon regeneration.
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![Different responses of the DRG neurons to dorsal column axotomy (DCA) and sciatic nerve axotomy (SNA)\
The axonal injury to the sciatic nerve induces specific signaling that activates the transcription of regeneration associated genes (RAGs) in the DRG neurons by harmonizing the function or activity of epigenetic regulators such as histone deacetylases (HDACs) and histone acetyltransferases (HATs), leading to a "regeneration program" being switched on. Transcription factors such as p53 and Smad1 can initiate gene transcription to promote regeneration after epigenetic changes take place. Most of the regulatory processes involved in epigenetic modulation fail to occur in the DRG neurons after DCA in the central nervous system. Due to this failure, an axonal injury in the central branch tends to be characterized by weak activation of the gene transcription required for a robust regeneration program, leading to regeneration failure in the central nervous system. The use of HDAC inhibitors in pharmacological applications to activate the epigenetic regulation of DRG neurons by enhancing the levels of histone acetylation has been reported. Green ellipse: histone complex. Green ellipse with a red triangle: post-translationally modified histone complex. HDACs: histone deacetylases. HATs: histone acetyltransferases. TFs: transcription factors. DCA: dorsal column axotomy. SNA: sciatic nerve axotomy. RAGs: regeneration-associated genes.](molce-40-1-10f1){#f1-molce-40-1-10}
